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Numerical Modeling of Flash-Induced Ca2D Release in Sa Node Cells
(SANC) Supports the ‘‘Coupled-Clock’’ Hypothesis of Cardiac Pacemaker
Cell Function
Victor A. Maltsev, Yael Yaniv, Edward G. Lakatta.
Gerontology Research Center, NIA/NIH, Baltimore, MD, USA.
Our recent experiments in SA node cells using flash-induced Ca2þ release
from a caged buffer (NP-EGTA) demonstrated that intracellular Ca2þ regu-
lates normal SANC automaticity on a beat-to-beat basis. It cannot be directly
envisioned, however, to what extent the reduction in action potential (AP) cy-
cle length upon acute Ca2þ photo-release is attributable to rapid augmentation
of Ca2þ pumping into sarcoplasmic reticulum (SR) followed by local Ca2þ re-
leases (LCRs) vs. a direct effect of the flash-released Ca2þ on sarcolemmal
proteins. To gain mechanistic insight into the problem, we numerically mod-
eled the effects of flash-released Ca2þ using the 2009-Maltsev-Lakatta model
of rabbit SANC that portrays pacemaker cell function as ‘‘coupled-clock’’ sys-
tem, i.e. coupled intracellular Ca2þ oscillator of the SR and a cell membrane
voltage oscillator. Knowing (from prior studies) Ca2þ ‘‘on’’ and ‘‘off’’ rates of
NP-EGTA and experimentally measured AP cycle length increase following
incubation with the buffer, by varying [NP-EGTA]i in model simulations
we estimated [NP-EGTA]i (~8 mM) required to reproduce experimental re-
sults. With this estimated [NP-EGTA]i, we further estimated the rate of
Ca2þ release during flash photolysis (a function of laser intensity) to be 1
mM/ms in order to reproduce experimental results on acute AP cycle length
shortening. The model also faithfully reproduced diastolic Ca2þ release in-
crease (assessed experimentally as LCR signal mass) following the flash-
photolysis. Other numerical models based on a dominance of the membrane
voltage oscillator, including the most recent and advanced Kurata et al. model
and ‘‘Kyoto’’ model (developed by the Noma’s group), could not reproduce
the experimental results with any reasonable [NP-EGTA]i (up to 10 mM)
and flash-induced Ca2þ release flux (i.e. laser intensity). Our numerical model
simulations support the ‘‘coupled-clock’’ hypothesis of cardiac pacemaker cell
function.
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Contribution of Calcium Waves to the Regulation of Beating Rhythm in
Sinoatrial Node Cells
Hiroyuki Hamada1,2, Daisuke Sato1, Jose Luis Puglisi1, Yuanfang Xie1,
Eleonora Grandi1, Masahiro Okamoto2, Michael A. Savageau1,
Donald M. Bers1.
1University of California, Davis, CA, USA, 2Kyushu University,
Fukuoka, Japan.
The synchronized release of calcium (Ca) from the sarcoplasmic reticulum
(SR) can initiate a heart beat. This concordant behavior can be altered and pro-
duced by the oscillatory dynamics of intracellular Ca release events (Ca
waves) that can modulate membrane depolarization and hence heart rate. In
this work, the effect of Ca waves on interbeat intervals (IBIs) was evaluated
by using a stochastic simulation of rabbit SA-node cell which integrated
a Ca wave model (Maltsev et al., 2011) including 1,350 discrete Ca release
units (CRUs) with a classical membrane voltage oscillator (M clock model:
Wilders et al., 1993). Each CRU opening produces a release flux equal to
1.0 pA and has a fundamental refractory period (varied from 220 to
300 ms), meant to empirically mimic beta-adrenergic effects on CRU intrinsic
firing.
In the absence of SR function, the intrinsic IBI (due to membrane currents) is
450 ms. This IBI is reduced when stochastic CRU openings are allowed. As re-
fractory period is reduced from 300 to 220 ms IBI progressively shortens to 431
ms, but this effect is small compared to the abbreviation in intrinsic CRU re-
fractory period. This reflects the dynamic interplay of the Ca clock and mem-
brane current clock, and also the stochastic nature of concerted CRU
recruitment among neighboring CRUs that are required to drive sufficient in-
ward Na/Ca exchange current and accelerate the IBI. Thus Ca waves with
high rhythmicity pushes the cell into a state that is more ‘‘ready to fire’’. De-
tailed parameters and formulations from both individual models will impact
the relative impact of Ca waves on IBI.
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Induced Pacemaker Cells Created by In Vivo Somatic Reprogramming:
Phenotypic Comparison with Native Sinoatrial Node Cells
Wenbin Liang, Nidhi Kapoor, Eduardo Marba´n, Hee Cheol Cho.
Cedars-Sinai Heart Institute, Los Angeles, CA, USA.
Background: We report elsewhere in this meeting (N. Kapoor et al. abstract)
that Tbx18, an embryonic T-box transcription factor, reprograms cultured car-diomyocytes to induced sinoatrial node (SAN) pacemaker cells. Here we
sought to test the fidelity of reprogramming by expressing Tbx18 in adult ven-
tricle and comparing the properties of Tbx18-transduced ventricular myocytes
(Tbx-VMs) with those of GFP-transduced ventricular myocytes (as controls;
control-VMs) and native SAN cells.
Methods: Adenoviruses co-expressing Tbx18 and GFP, or GFP alone, were di-
rectly injected in the apex of the guinea pig heart (4107cfu/heart). Five days
later, the heart was harvested and cardiomyocytes were isolated from the site of
virus injection.
Results: Native SAN cells are smaller and leaner than nontransduced VMs:
length-to-width (LtW) ratios equal 14.751.5 (n=28) and 7.650.7 (n=9), re-
spectively. Freshly-isolated control-VMs maintained their native shape
(LtW=7.450.9, n=4); in contrast, Tbx-VMs were leaner (LtW=16.051.0,
n=12) than control-VMs and were often spindle-shaped, reproducing the mor-
phological hallmark of SAN cells. Control-VMs had stable resting potentials
at 76mV, with action potentials (APs) elicited only upon electrical stimula-
tion. In contrast, spindle-shaped Tbx-VMs demonstrated diastolic depolariza-
tion (maximal diastolic potential=-59mV) and fired spontaneous APs at
26bpm.The whole-cell capacitance (a measure of cell size) of Tbx-VMs was
smaller than that of control-VMs (40.853.6 vs. 119516pF, respectively),
but similar to that of native SAN cells (48.357.0pF). The electrophysiological
and morphological features of Tbx-VMs generally resembled those of native
SAN cells.
Conclusion: Somatic gene transfer of Tbx18 in the ventricle in vivo yielded in-
duced SAN (iSAN) cells which faithfully recapitulate the key phenotypic prop-
erties of genuine SAN cells. The in situ reprogramming was effective and swift
(as little as five days), offering a novel approach to creating a biological pace-
maker as an alternative to electronic devices.
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Lineage Reprogramming from Cardiomyocytes to Pacemaker Cells via
a Single Transcription Factor
Nidhi Kapoor, Eduardo Marba´n, Hee Cheol Cho.
Cedars-Sinai Medical Center, Los Angeles, CA, USA.
The heartbeat originates in a small number of highly-specialized pacemaker
cells found in the sinoatrial node (SAN). In an effort to create pacemaker cells
from working cardiomyocytes, we expressed Tbx18, a transcription factor
indispensible for embryonic development of the SAN. Within days, Tbx18-
transduced neonatal rat cardiomyocytes (NRVMs) exhibited rhythmic sponta-
neous electrical firing. The mechanism of induced pacemaker activity resem-
bled that of SAN cells, with enhanced voltage- and Ca2þ-dependent ‘‘clock’’
pathways. The maximum diastolic potential was more positive in Tbx18-
NRVMs in comparison to controls (47510 mV vs. 7356 mV) with
accompanying reduction in IK1. Line-scan confocal imaging of Tbx18-
NRVMs loaded with Rhod-2 resolved localized Ca2þ release events (LCRs)
that preceded each whole-cell Ca2þ transient resembling LCRs observed in
native SAN cells. LCRs were not detected in control NRVMs. Spontaneous
Ca2þ-transients in Tbx18-NRVMs were suppressed on superfusion with rya-
nodine (10 mM) by 4756% in comparison to 1252% suppression in controls,
indicative of increased relevance of [Ca2þ]i stores. A 2.3-fold increase in
[Ca2þ]i stores was observed in Tbx18-NRVMs which can be attributed to in-
creased sarcoplasmic reticulum Ca2þ-ATPase 2a (SERCA2a) activity due to
downregulation or phosphorylation of phospholamban (PLN), an inhibitor of
SERCA. Tbx18-overexpression led to relative increase in the protein level
of phosphorylated PLN (Ser16) similar to higher p-PLN level observed in
the adult SAN relative to the left ventricle. In addition, Tbx18-NRVMs ex-
hibited increased levels of cAMP and HCN4, shrank in size with disorganized
myofibrils, and underwent epigenetic modifications consistent with durable
reprogramming. Focal Tbx18 gene transfer in the guinea-pig ventricle consis-
tently created ectopic pacemaker activity in vivo with a rhythm of
40520 beats/min (n=5/7). Taken together, the data demonstrate faithful re-
programming of ventricular myocytes to pacemaker cells by a single transcrip-
tion factor, Tbx18.
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Enhanced Embryonic Stem Cell Differentiation to Cardiac Pacemaker
Cells by Transduction with a Single Transcription Factor
Vittoria Ionta1,2, Alessandro Giacomello2, Eduardo Marba´n1,
Hee Cheol Cho1.
1Cedars Sinai Medical Center, Los Angeles, CA, USA, 2Sapienza University
of Rome, Rome, Italy.
Background: Embryonic stem cells (ESCs) can spontaneously differentiate
into heterogeneous aggregates of cardiomyocytes with atrial, ventricular, and
674a Wednesday, February 29, 2012pacemaker properties. We sought to bias the random cardiogenesis of ESCs to-
ward pacemaker cardiomyocytes. Shox2 is an embryonic transcription factor
essential for the patterning of pacemaker cells in the sinoatrial node (SAN).
We hypothesized that Shox2 overexpression may tilt and dominate ESCs’ de-
velopmental program toward pacemaker myocytes.
Methods: Mouse ESCs were transduced with an adenoviral vector expressing
Shox2 or a control gene. Standard embryoid body (EB) method was used for
differentiation.Pooled data are nR3 with p<0.05 for all reported differences.
Results: Transient overexpression of Shox2 increased the quantity of
spontaneously-beating EBs by 8-fold (80527%) compared to control
(956%). Within each beating EB, twice as many beating foci (2.150.8 per
EB) were found in Shox2-EBs compared to control (1.050.6 per EB). Naþ/
Ca2þ exchanger (NCX1) and HCN4 are important for pacemaker electrophys-
iology. NCX1 protein level increased >6-fold in Shox2-EBs compared to con-
trol at the early and late stages of differentiation. HCN4 protein level was
up-regulated at all differentiation stages, with heightened cell surface expres-
sion in Shox2-EBs. Action potentials are mainly propagated by connexin(Cx)
45 but not Cx43 in the SAN, which is mirrored in the atrial/ventricular myocar-
dium. Shox2-overexpression led to an increase in the transcript (~1.5-fold) and
protein (~3-fold) levels of Cx45. In contrast, Cx43 transcript and protein levels
were reduced in Shox2-EBs by 3355% and 30510%, respectively, compared
to control.
Conclusion: Shox2 overexpression singularly biased ESC differentiation to-
ward more pacemaker cells. Increased expression of NCX1, HCN4, Cx45,
and down-regulation of Cx43 are all hallmarks of SA nodal cell biology. The
data provide a novel and efficient platform to develop biological pacemakers
from pluripotent cells.
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Component Currents of Cardiac Human Cardiomyocytes Derived from
Induced Pluripotent Stem Cells
Agniezka Lis, Thomas J. Cimato, Glenna C.L. Bett, Randall L. Rasmusson,
Michael J. Morales.
University at Buffalo, State University of New York, Buffalo, NY, USA.
Cardiac myocytes derived from human induced pluripotent stem cells (h-
iPSCD cardiac myocytes) have been proposed to be useful for cardiac repair,
drug safety design and testing, clinical diagnosis and research. However, this
particular preparation was only published within the past two years. As a re-
sult, we know very little about these artificially created myocytes. We cur-
rently lack much of the basic information and the tools required to bring
the promise of this approach to fruition. In this study we examine the basic
component currents for kinetic clues as to the molecular identity of some of
the major components. The normal complement of cardiac currents is found
in these cells such as the sodium, calcium, transient outward and delayed
rectifier currents. Of particular interest for this study is the inactivation
and recovery behavior of the transient outward currents and the calcium
currents.
The transient outward currents had bi-exponential inactivation including
a fast component consistent with Kv4.2/4.3 and a slower ‘‘pedestal’’ compo-
nent consistent with Kv1.5. The size of this pedestal component was highly
variable. The recovery time course and steady-state inactivation indicate at
least two distinct inactivation components. This is also consistent with a rap-
idly recovering Kv4 mediated component and a slower Kv1.5 mediated
component.
In the mixed population of myocytes there is a calcium current component seen
in roughly 30% of cells that that activates in the range of 60 to 50 as
opposed to 50 to 40 for the L-type channel in the majority of myocytes.
This small component of current also inactivates at a lower threshold than
L-type channels and like activation was shifted to the negative range by approx-
imately 10mV. This suggests that ‘‘nodal’’ cells in h-iPSCD cardiac myo-
cytes have a T-type current.
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Aberrant Functional Differentiation of Cardiac Precursors from a Dystro-
phic Mouse
Claudia Altomare1, Lucio Barile1, Luca Sala1, Alice Villa1,
Maurilio Sampaolesi2, Marcella Rocchetti1, Antonio Zaza1.
1University of Milano-Bicocca, Milan, Italy, 2Catholic University of Leuven,
Leuven, Belgium.
Background: Knock out of b-sarcoglycan (bSG-/-), a dystrophin-complex
protein, leads to cardiomyopathy. Reportedly, cultured WT cardiac mesoan-
gioblasts (cMABs) spontaneously undergo cardiogenic differentiation. Werecently found that cMABs structural differentiation is switched to skeletal
muscle (SKm) by bSG-/-, because of deletion of miRNAs encoded by the
bSG gene (miR669a-p). Aims: To compare the functional properties of
bSG-/-cMABs with those of SKm (C2C12) and neonatal cardiac cells
(CMs). Methods: single-cell motion, Ca2þ transients (FLUO4 loaded cells),
membrane potential (Vm) and currents were analyzed along with channel
isoform expression; Vm was depolarized by 40 mM Kþ (hKþ). Results:
in bSG-/-cMABs acetylcholine (ACh 30 mM) or nicotine (Nic 100 mM) eli-
cited inward current, membrane depolarization, Ca2þ transients and contrac-
tion, all prevented by Nic-receptor (d-TbC 100 mM) and Ca2þ channel
(nifedipine 30 mM) antagonists. This was similar to C2C12 myotubes, but
different from CMs. Ca2þ current (ICaL) inactivation was similar between
bSG-/-cMABs cells and C2C12 myotubes (tau=661553 vs 497555 ms,
NS), but faster in CMs (tau =9.751.2 ms; p<0.05). Action potential duration
was longer (p<0.05) in bSG-/-cMABs (4655 ms) than in C2C12 myotubes
(2652) or CMs (2955). Ca2þ transients were consistently elicited by Caf-
feine, Nicotine and hKþ in both BSG-/–cMABs and C2C12 cells (>90% for
all stimuli); response to Nic was abolished by nifedipine. Notably, induction
of Ca2þ transients by Nic did not affect the amplitude of subsequent
Caffeine-induced transients. bSG-/-cMABs and C2C12 expressed mRNA
for SKm channels Cav1.1, Cav1.3 and ryanodine receptor RyR1, CMs
expressed Cav 1.1, Cav1.2 and RyR2; RyR3 was found only in C2C12 my-
otubes. Conclusions: 1) Differentiation of BSG-/–cMABs, but not of WT-
cMABS, leads to a SK-muscle phenotype; 2) the BSG encoding sequence
may effectively direct molecular and functional differentiation of cardiac
mesoangioblasts.
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Atrial Fibrillation Substrate in Heart Failure: Expression Levels of Car-
diac Sodium Channel, Connexin 43 and Connexin 40 in the Left Atrium
Divya Arasu1, Cody A. Rutledge1, Suzanne Browne2, Harvey Lardin1,
Lianzhi Gu1, Ali A. Sovari1, Rishi Arora2, Samuel C. Dudley1.
1Section of Cardiology and Centre for Cardiovascular Research,
University of Illinois, Chicago, Chicago, IL, USA, 2Section of Cardiology,
Northwestern University, Chicago, IL, USA.
Introduction: Reduction in cardiac sodium current and gap junctional proteins
(connexin43 and 40) may play important role in reduction of conduction veloc-
ity of the propagating wave and providing substrate for Atrial Fibrillation (AF).
We sought to determine the changes in the protein levels of SCNA5, Cx43 and
Cx40 in the left atrial tissue in a dog model of heart failure.
Method: In five dogs, rapid right ventricular pacing was performed at
240bpm for three weeks to induce heart failure. Then AF inducibility was as-
sessed by rapid atrial pacing. In five control dogs, AF inducibility was as-
sessed similarly, followed by removal of the atria. The levels of SCNA5,
Cx43, and Cx40 were detected in the Posterior Left Atrium (PLA) and Left
Atrial Appendage (LAA) tissues of the CHF and control dogs using western
blot technique.
Results: All animals with heart failure showed sustained inducible AF (i.e. >5
minutes) in the electrophysiology study. No AF was induced in the control dogs
(p<0.05). Cardiac SCNA5 protein levels were decreased in both PLA and LAA
tissues compared to the control (56% and 37%, P < 0.05). Cx43 and Cx40
levels were significantly decreased only in LAA tissues of the heart failure an-
imals compared to the control (12% and 53%, P<0.05). The changes in Cx43
and Cx40 levels in PLA tissue of heart failure dogs were not statistically
significant.
Conclusion: Decreased level of SCNA5 protein which may result in de-
creased sodium current can provide substrate for AF in heart failure. In ad-
dition, significantly decreased levels of gap junctional proteins (CX43 and
40) in LAA provide additional substrate for impaired conduction and ar-
rhythmia as well as impairing contractility and predisposing to thrombus for-
mation in LAA.
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Action Potential (AP) Cycle Length in Connexin-43-Negative and Positive
Single Isolated Sinoatrial Node Cells (SANC) does not Differ in the Basal
State or during High-Level Beta-AR Stimulation
Dongmei Yang, Ihor Zahanich, Alexey E. Lyashkov, Edward G. Lakatta.
NIA, NIH, Baltimore, MD, USA.
SANC generate rhythmic APs that drive the heartbeat. Perspectives gleaned
from the sinoatrial node(SAN) have been interpreted to indicate that smaller
cells from the central SAN area control the SAN beating rate, while
data from isolated SANC argue that spontaneous AP cycle length is
